Introduction
============

Biomedical applications using gold nanoparticles (GNPs) have become a very active research area in recent years.[@b1-ijn-9-4007]--[@b3-ijn-9-4007] A large variety of possible biomedical applications has been examined, ie, drug and gene delivery,[@b4-ijn-9-4007],[@b5-ijn-9-4007] protein and pathogens detection, deoxyribonucleic acid labeling, fluorescent labeling, tissue engineering, photothermal ablation and contrast agents for magnetic resonance imaging and other imaging methods.[@b6-ijn-9-4007] Much of the research is devoted to the study of synthesis, stabilization, and functionalization of the GNPs.[@b7-ijn-9-4007] The most common stabilizing agents reported are sodium citrate, transferrin and cetyltrimethylammonium bromide, while common species used for functionalization include various amines, oligonucleotides, peptides, antibodies and lipids. The interest in GNPs is largely due to the relative ease of their synthesis, with good control of their sizes and shapes, their optical characteristics and their good biocompatibility. The accumulation of GNPs in the body following repeated administrations can reach toxic levels.[@b8-ijn-9-4007] Consequently, most of the studies using GNPs are still in the preclinical stage.[@b9-ijn-9-4007]

To improve the biocompatibility of GNPs it is preferable to use nontoxic reagents. All GNP-preparation methods are based on the reduction of gold ions, mostly as solutions of HAuCl~4~. Various reducing agents have been reported in the literature, the most common being sodium borohydride and sodium citrate.[@b10-ijn-9-4007] In addition, GNP synthesis requires a protecting agent, whose role is to adsorb onto the surface of the newly formed nanoparticles (NPs) to prevent further growth and particle agglomeration. Therefore, the size and shape of GNPs can be controlled by the use of proper reduction and agitation methods and the choice of suitable types of protection agent and concentration, as well as synthesis conditions, ie, temperature, pH, stirring and the use of external fields (such as ultrasound). These considerations resulted in numerous publications suggesting new synthesis routes of GNPs in which green reduction and protection agents were used.[@b11-ijn-9-4007],[@b12-ijn-9-4007] Most of these reducing and stabilizing agents were obtained from plants,[@b13-ijn-9-4007],[@b14-ijn-9-4007] algae, bacteria and fungi.[@b14-ijn-9-4007],[@b15-ijn-9-4007] For example, Raveendran et al[@b16-ijn-9-4007] described a method to prepare NPs of gold, silver, and their alloys using glucose as a reducing agent and starch as a protective agent. The particle-size distributions obtained were in the range of 2--12 nm. Wang et al[@b17-ijn-9-4007] described a synthesis of GNPs in which an electrochemical method using an amino-terminated ionic liquid was used for ion reduction and GNP stabilization. This approach yielded small NPs with an average size of 1.7 nm. Huang et al[@b18-ijn-9-4007] found that Bayberry's tannin extract can be used simultaneously as reducing and protective agents, yielding GNPs with an average size of 2 nm. Based on ultraviolet-visible (UV-vis) measurements, Sharma et al[@b19-ijn-9-4007] reported that tea leaf extract can be used in GNP synthesis. It was found that variation in the concentration of the tea leaf extract could be used to control the size distribution of the GNPs created. Suman et al[@b20-ijn-9-4007] used extract from *Morinda citrifolia* roots at room temperature, and the size of the resultant GNPs was in the range of 8--17 nm, while Shankar et al[@b21-ijn-9-4007] obtained GNPs with different shapes in the size range of 20--40 nm using *Pelargonium graveolens* (PeG) leaves and its endophytic fungus. Basavegowda et al[@b22-ijn-9-4007] synthesized GNPs in the size range of 10--50 nm using *Punica granatum* (PuG) extract as a reducing agent and examined its antibacterial properties, while Fierascu et al[@b23-ijn-9-4007] synthesized 10 nm GNPs from *Salvia officinalis* (SO) extract and Cruz et al[@b24-ijn-9-4007] synthesized silver NPs with a size distribution in the range of 15--30 nm from *Lippia citriodora* (LC). The study presented here describes a detailed investigation of the synthesis and characterization of GNPs using four different plant extracts.

Materials and methods
=====================

GNP preparation
---------------

Extracts of four common garden plants, listed in [Table 1](#t1-ijn-9-4007){ref-type="table"}, were prepared as follows: 10 g of leaves or fruit were washed once with tap water and twice with double-distilled water (DDW; 18 MΩ/cm; EMD Millipore, Billerica, MA, USA) and then diced in a blade blender with 30 mL of DDW until a homogeneous fluid was obtained. The extract volume was completed with DDW to 50 mL. The extracted solution was homogenized by stirring and then centrifuged for 2 minutes, followed by filtering through a 0.45 μm filter (Millex^®^ polyvinylidene difluoride; EMD Millipore). All the extracts were kept frozen at −18°C until used. As shown in [Table 1](#t1-ijn-9-4007){ref-type="table"}, plant leaves were used to obtain the extracts for SO, LC, and PeG, while for PuG the edible grains of the fruit were used to generate the extract. Therefore, only consumable plant parts with high antioxidant content were employed to ensure biocompatibility. Both SO and PeG have been reported previously to be used in GNP synthesis;[@b20-ijn-9-4007],[@b22-ijn-9-4007] however, the plant extract used in the earlier studies was obtained using a markedly different procedure. Therefore, the identity and amount of the reducing and stabilizing agents in those extracts might have been very different compared to those in the present study.

Gold ion solution was prepared by diluting 16.6 μL of 30 wt% HAuCl~4~ solution (Sigma-Aldrich, St Louis, MO, USA) in 50 mL of DDW to form a 0.1 g/L solution. GNPs were prepared by mixing 10 mL of the gold ion solution (1.0 mg HAuCl~4~) with 0.75 mL of plant extract. In the case of both PuG and PeG, the mixture changed color to a deep purple/red within a few seconds. The color change was due to GNP formation, as verified by UV-vis absorption at 530 nm. For the other extracts, slight heating to 35°C--40°C for several minutes was required until GNP formation was observed by the appropriate color change. The slight heating required in the case of SO and LC is related to the lower reducing activity of these two plant extracts.

Spectroscopic measurements
--------------------------

The UV-vis measurements were carried out with a V-550 spectrophotometer (Jasco Inc., Easton, MD, USA). Fourier-transform infrared (FTIR) spectra reported were recorded using an iN™10 FTIR microscope spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) equipped with a narrow-band liquid nitrogen-cooled mercury cadmium telluride A (MCT-A) detector. All single-beam spectra were measured against a background recorded from gold. Appropriate backgrounds were obtained for each series of measurements. The spectra were recorded in the range from 4,000 to 700 cm^−1^, at 2 cm^−1^ resolution with 16 scans; the area of detection was 25×25 mm.

FTIR data were collected using Omnic Picta™ (Thermo Fisher Scientific) software. After collection, automatic atmospheric suppression (to minimize infrared (IR) absorption by CO~2~ and water vapor in ambient air) and automatic baseline correction were used. For preparation of the FTIR samples, 5 mL of the liquid samples was put on an alumina-coated glass slide and dried under vacuum overnight at room temperature. GNP samples were washed twice with DDW before placing on the slide.

Dynamic light-scattering measurements
-------------------------------------

These were carried out using a CGS-3 compact goniometer system (ALV, Langen, Germany). The He--Ne laser (line 632.8 nm) power used was 20 mW. Correlograms were calculated using an ALV/LSE 5003 correlator. A suitable procedure was applied for the averaged correlogram taken for 20 runs of 10 seconds' duration at 25°C. The regularization method, also called the Contin model, was used to extract the diffusion coefficients.[@b25-ijn-9-4007] GNP-stability tests were performed using triplicate measurements that were performed at two angles − 90° and 60°. Size-distribution determination measurements were performed only at 90°. GNP-size distributions were calculated using the Stokes--Einstein relationship carried out with the ALV Correlator software version 3.0.2.1. All dynamic light-scattering (DLS) samples were 100× diluted with DDW water.

Nanoparticle-tracking analysis
------------------------------

Measurements were performed under trigger mode with a NanoSight NS300 (Malvern Instruments, Malvern, UK) equipped with a 405 nm laser module and a 450 nm long-pass filter. NanoSight software version NTA 2.3 was used for data accumulation and analysis. Data was recorded using a 20× objective and 60-second video clips. The Stokes--Einstein equation was used to calculate the mean hydrodynamic diameter. Three video measurements were conducted for each sample to provide an average size and standard deviation. All samples were also diluted hundredfold by DDW water.

DLS and nanoparticle-tracking analysis (NTA) are two methods that can be used to characterize NP-size distributions in liquids. Both are based on Rayleigh scattering from small particles performing Brownian motion in the liquid. DLS is very fast, and has a high sensitivity of size detection down to about 1 nm-size particles. However, due to the complex data evaluation, the method lacks precision and resolution, and thus it is not an accurate quantitative method. The NTA approach can be used for quantitative measurements; it is very fast, but it is limited to size detection of particles larger than approximately 20 nm.

Scanning electron microscopy
----------------------------

Scanning electron microscopy (SEM) was undertaken with a JSM-7400F microscope (JEOL, Tokyo, Japan), operated at 3 kV.

Energy-dispersive X-ray spectroscopy
------------------------------------

Energy-dispersive X-ray spectroscopy (EDS) was undertaken with a Thermo Scientific™ NORAN™ System 6 EDS system.

Transmission electron microscopy
--------------------------------

Transmission electron microscopy (TEM) was undertaken with a Tecnai™ G2 12 microscope (FEI, Hillsboro, OR, USA).

Image processing
----------------

The image-analysis tool JMicroVision version 1.2.7 ([www.jmicrovision.com](www.jmicrovision.com)) was used for analysis of SEM and TEM images.[@b26-ijn-9-4007]

Inductively coupled plasma optical emission spectrometry
--------------------------------------------------------

Inductively coupled plasma optical emission spectrometry (ICP-OES) was undertaken with an Arcos spectrometer (Spectro Analytical Instruments, Kleve, Germany) with radial plasma observation. It was outfitted with a Paschen--Runge mount equipped with 32 linear charge-coupled device detectors, providing the capability of simultaneous monitoring of line intensities at wavelengths between 130 and 770 nm.

Zeta potential
--------------

Zeta-potential measurements were done with a Zetasizer Nano ZS (Malvern Instruments) in a disposable cell at 25°C, using Zetasizer 7.01 software. Both DLS and zeta-potential measurements were used to study GNP stability. These measurements were carried out first 2--3 hours after the GNPs were synthesized and then once a week for 3 weeks. Between measurements, all GNP suspensions were kept frozen at −18°C. The suspension was allowed to melt and equilibrate at room temperature for 2 hours prior to measurement. Straight away after the measurements were taken, the extracts were frozen again.

Cell-growth measurements
------------------------

L-cells, a murine fibroblast cell line (contribution of Professor Amos Douvdevani, Department of Clinical Biochemistry and Pharmacology, Soroka Medical Center and Ben-Gurion University of the Negev, Be'er-Sheva, Israel), were cultured in 50 mm sterile disposable petri dishes, each with 4 mL growth medium and incubated at 37°C in approximately 5% (v/v) CO~2~ and 95% air in a humidified incubator. The growth medium contained 89.3% (v/v) Dulbecco's Modified Eagle's Medium (without D-glucose, sodium pyruvate, or L-glutamine), 8.9% certified fetal bovine serum, 0.9% L-glutamine solution, and 0.9% penicillin--streptomycin solution (all were purchased from Biological Industries Israel Beit-Haemek, Kibbutz Beit Haemek, Israel) and stored at 4°C until used.

For each plant extract, 12 clear petri dishes with 4 mL medium were cultured with 100,000 cells. Three volumes of GNP suspension (1, 10, and 100 μL) were added to three sets of three dishes in each set, while the remaining three plates were used as controls. A cell count of one dish from each of the four sets was performed after 24, 48, and 72 hours. Growth curves were created using the cell-count data of the GNP-containing dishes and the controls.

The cell counts were carried out after suspending the cells. To obtain the cell suspension, the growth medium was removed, the cell layer briefly rinsed with 1 mL Dulbecco's phosphate buffered saline, 0.7 mL of trypsin solution (Biological Industries Israel Beit-Haemek Ltd) was added, the dish placed at 37°C for approximately 1 minute, 1.4 mL growth medium was added, and the cells aspirated by gently pipetting and vortexing the cell suspension at the end.

Cell counting was carried out manually using the hemocytometer method under an inverted microscope. Each data point represents an average of eight nonneighboring 1 mm^2^ (100 nL) squares. The error in counting was estimated by the standard deviation of the eight squares. The viability of the cells was tested by using a dilution of 50% (v/v) cell suspension and 50% trypan blue dye solution, 0.4% (Sigma-Aldrich) in the cell-counting process under the microscope.

Results
=======

Synthesis and compositional characterization of the GNPs
--------------------------------------------------------

The appearance of a purple color following mixing of the plant extract with HAuCl~4~ solution indicated the formation of GNPs. The resulting colloidal solutions were examined by UV-vis spectroscopy. [Figure 1](#f1-ijn-9-4007){ref-type="fig"} presents typical spectra that were obtained using the four extracts. As is clearly seen, in three of the spectra the GNP-absorption peaks appeared at wavelengths in a narrow range -- SO =535±8 nm, LC =536±2 nm, and PeG =538±8 nm -- whereas for PuG, the absorption peak was observed at a higher wavelength (568±12 nm). These wavelength values corresponded to the average values of the peak positions on repeated measurements. The shift in the peak position of PuG was related to a shift in GNP-size distribution to larger values.[@b27-ijn-9-4007]

FTIR spectra were obtained from the pure extract as well as from the colloidal solutions. The main goal was to identify absorption peaks that exhibited prominent shifts in the two media. It was assumed that shifts in peak position were related to adsorption of extract constituents onto the GNP surfaces. In all four cases, very similar spectra were obtained for the two phases examined ([Figure 2](#f2-ijn-9-4007){ref-type="fig"}). The high similarity between extract and colloidal solutions indicated that the same compounds existed in both media. Despite the similarity between extract and colloidal solution spectra, some absorption peaks exhibited marked shifts in their position. The absorption peaks that exhibited major shifts and their possible interpretations are presented in [Table 2](#t2-ijn-9-4007){ref-type="table"}.

SEM-EDS analysis of particle composition was carried out by placing a droplet (\~5 μL) of the sample solution onto a clean silicon-wafer surface. The droplets were dried at ambient temperature followed by thin (about 100 nm) carbon-film coating by evaporation. The carbon film was necessary to obtain electrical conductivity high enough to prevent sample charging. The e-beam used in the EDS measurements had a diameter that was larger than the particle diameter. Therefore, the elemental composition obtained reflected the composition of both particle and its surroundings. [Figure 3](#f3-ijn-9-4007){ref-type="fig"} presents the EDS spectra obtained for three different samples. The results clearly show that the particle composition was indeed gold. The small quantities of additional elements, including C, O, Al, Na, Mg, K, and Ca, were associated with the elemental content of the plant extract following the solvent evaporation. Indeed, elemental analysis of the plant extracts by ICP-OES showed that all extracts contained minute quantities of these (as well as other) elements. The data showed good correlation between the levels of various elements in the four plant extracts and the EDS results.

Size-distribution measurements
------------------------------

Distributions of the hydrodynamic diameters of the GNPs in the different samples were measured by two different light scattering-based techniques. DLS measurements were performed at 90° with three repetitions for each of three samples of each plant extract (total of nine measurements for each extract). The results are presented in [Figure 4](#f4-ijn-9-4007){ref-type="fig"}, where the scattering intensity is shown as a function of the logarithm of the particle diameters ([Figure 4A](#f4-ijn-9-4007){ref-type="fig"}). In all four cases, bimodal distributions were observed, with the peaks of the larger diameter exhibiting most of the intensity. However, this presentation might be misleading, since the scattering intensity increases at the sixth power of the particle radius. As a result, the particle-size distribution obtained in light-scattering intensity measurements is highly biased towards larger particles and do not faithfully represent the number of particles with given size. The intensity ratio between the two peaks in the DLS measurement was such that the peak that corresponded to the small particles constituted only 1%--3% of the total intensity, while the rest corresponded to the large particles. Number-weighted distributions obtained by the ALV software pointed to inverse distribution, namely the large majority (over 97%) of the particles in the colloid solution corresponded to the group of small particles. However, one should remember that the error introduced in the number-weighted DLS results was quite large, due to its sixth-power dependence on the error in the measurements. Particle number-weighted DLS results for all four samples are presented in [Figure 4B](#f4-ijn-9-4007){ref-type="fig"}. It is clear that most of the particles in the LC*,* PeG, and SO colloid solutions were small, in the size range of 1--8 nm. In the case of PuG, most of the particles were in the range of 30--70 nm, with a negligible amount of larger particles. The unweighted average diameters and the corresponding standard deviations of the DLS peaks shown in [Figure 4A](#f4-ijn-9-4007){ref-type="fig"} are summarized in [Table 3](#t3-ijn-9-4007){ref-type="table"}. These results are in agreement with the data obtained by the UV-vis absorption measurements ([Figure 1](#f1-ijn-9-4007){ref-type="fig"}), where the first three samples absorbed at nearly the same wavelengths that corresponded to the existence of small particles, whereas the absorption of the PuG samples shifted to a higher value, indicating a shift to a larger particle size.

Particle-size measurements were performed also by the NTA method. The results obtained for the four samples are presented in [Figure 5](#f5-ijn-9-4007){ref-type="fig"}. All samples exhibit similar asymmetric distribution curves with slow decaying tails towards large particle diameters, but with different distribution widths. These curve shapes are similar to those obtained in the DLS measurements ([Figure 4A](#f4-ijn-9-4007){ref-type="fig"}). Again, the distributions for LC, SO, and PeG peak at particle-size values below 100 nm, while the curve for PuG is markedly wider and spans over 300 nm. The existence of small particles (\<20 nm) is not as obvious as in the DLS curves, since NTA is much less sensitive to particles with a diameter smaller than 20 nm. The average diameter values obtained by NTA are also presented in [Table 3](#t3-ijn-9-4007){ref-type="table"}, showing a good agreement with the data obtained by DLS, with the exception of PuG, where the average diameter obtained by DLS was 2.4-fold larger than that obtained by NTA.

A different approach to assess particle-size distribution was by computerized analysis of SEM images. This was carried out using the JMicroVision code. The code can calculate the average diameter (d) of the particles in an image from any one of their geometrical characteristics, namely area (d =2√\[s/π\]), perimeter (d =p/π), or average of longest and shortest diameters (d =0.5\[d~1~+d~2~\]) in 2-D. Typical SEM images of two kinds of samples are presented in [Figure 6](#f6-ijn-9-4007){ref-type="fig"}, A and B. The number of particles seen in each image enabled only limited statistical accuracy, and hence for each type of sample several images were processed. The calculated average diameters obtained by the three geometrical characteristics are presented in [Table 4](#t4-ijn-9-4007){ref-type="table"}, while their distribution curves are shown in [Figure 7](#f7-ijn-9-4007){ref-type="fig"}.

The data in [Table 4](#t4-ijn-9-4007){ref-type="table"} show some variation in the results obtained by the three geometrical characteristics, although they are all in the same range. Unlike the results obtained by the light-scattering methods, here the particles formed with the PuG extract appeared to be similar in size to the other samples. This difference may be related to the fact that PuG colloids probably contained clusters of GNPs linked by organic molecules. These clusters would be larger than individual particles. In the SEM images, the large contrast between the GNPs and the surroundings allows sampling of the particles themselves without the organic material that binds them. However, in light scattering-based experiments, the cluster is expected to exhibit more intense scattering properties compared to the individual GNPs. However, there are four points to note associated with the image-processing method: 1) a closer examination of the SEM micrographs shows that many of the particles are surrounded by a halo, and thus may have been estimated to be larger than the actual particle size; 2) particles smaller than 10 nm cannot be observed by SEM, hence most of the small particles were not detected; 3) the SEM images represent only a limited portion of the particle population, contrary to the optical methods that measure the entire population; and 4) the contrast between the background and the organic matter in the SEM images is less significant than the contrast between the gold and the background. Therefore, most of the organic matter is transparent in the SEM images.

The stability of GNP-size distribution was examined by repeating DLS measurements of the same samples after 1, 2, and 3 weeks. In all these measurements, bimodal curves were obtained ([Figure 7](#f7-ijn-9-4007){ref-type="fig"}) very similar to those obtained in the first measurement carried out right after the GNPs were generated ([Figure 4A](#f4-ijn-9-4007){ref-type="fig"}). The average particle diameters in both peaks for PeG and PuG exhibited nearly constant values. However, the average size of particles obtained for SO showed a slight size increase for both small and large particle peaks during the first week, followed by constant values at later times. In the case of LC, a prominent increase in average particle size for both groups was observed after 1 week, followed by a small decrease at later times. These variations, as well as the fluctuation in the measured values, may have been associated with sedimentation of material that was observed in some of the solutions, thus resulting in size-distribution changes of the suspended particles.

Zeta potentials
---------------

The zeta potentials of the particles in the four samples were measured at 25°C. The initial values, measured approximately 3 hours after particle formation, are shown in [Table 5](#t5-ijn-9-4007){ref-type="table"}. The GNPs in all samples had a negative zeta-potential values in the range of −10 to −30 mV. This range is considered as an incipient stability for colloids.[@b28-ijn-9-4007],[@b29-ijn-9-4007] The values obtained for LC, SO, and PeG were close to each other, whereas that for PuG exhibited a lower value. This is in accordance with the results of the average diameters of the particles ([Table 4](#t4-ijn-9-4007){ref-type="table"}). The GNPs formed using PuG extract exhibited a lower zeta potential, indicating that they were less stable and thus had a higher tendency to aggregate and form larger particles. The zeta potentials for all the samples were measured again after 1, 2, and 3 weeks and showed negligible variations, except for small fluctuations that were within the variance of the data as shown in [Table 5](#t5-ijn-9-4007){ref-type="table"}. The nearly constant zeta potential over 4 weeks suggests that most of the GNPs did not aggregate and were quite stable, in accordance with the stability found in the DLS measurements ([Figure 7](#f7-ijn-9-4007){ref-type="fig"}).

GNP shapes
----------

TEM images of the GNPs formed by the four extracts showed the existence of particles with a wide variety of shapes and sizes. The smaller detected particles, starting from \~10 nm in size, had nearly spherical/triangular shapes, while the larger particles, 150 nm in size, exhibited various geometrical shapes, such as triangles, truncated triangles, pentagons and hexagons. This variety of geometrical shapes is typical of GNPs and has been described in the literature.[@b30-ijn-9-4007]--[@b34-ijn-9-4007] Several TEM images are presented in [Figure 8](#f8-ijn-9-4007){ref-type="fig"} as examples of the GNP shapes formed when the different plant extracts were used. In some cases, these shapes corresponded to single crystals, as can be deduced from their diffraction patterns, eg, [Figure 8, B and C](#f8-ijn-9-4007){ref-type="fig"}. Since the TEM images show only a few particles in each picture, statistically reliable distributions of these shapes and sizes cannot be evaluated. The variety of particle shapes observed in [Figure 8, A and D](#f8-ijn-9-4007){ref-type="fig"} is expected to be manifested in the position of the UV-vis absorption peak of the GNPs ([Figure 1](#f1-ijn-9-4007){ref-type="fig"}).[@b35-ijn-9-4007] However, as shown in [Figure 4B](#f4-ijn-9-4007){ref-type="fig"}, the amount of large particles was negligible compared to that of small particles (diameters less than 10 nm). Therefore, the position of the absorption peak was dictated by the majority of small particles. Indeed, the increased particle size for PuG led to a shift of the absorption peak to a longer wavelength, as expected.

GNP biocompatibility
--------------------

One of the main goals in this study was to synthesize GNPs for potential applications in biomedical systems, and thus their biocompatibility was examined. The correlation between L-cell growth rate in cell culture together in the presence of different amounts of GNPs was used as a measure of biocompatibility. Therefore, volumes of 1, 10, and 100 μL GNP suspensions were synthesized using the four plant extracts, which were added to petri dishes containing L-cell cultures. The cells were counted after 24, 48, and 72 hours. The growth curves obtained in the presence of three GNP amounts that were checked were in all cases practically identical to the control curve (ie, cell culture without GNPs). Typical growth curves obtained with addition of GNPs synthesized using LC extract are shown in [Figure 9](#f9-ijn-9-4007){ref-type="fig"}. Very similar results were obtained for the other colloid suspensions synthesized using the other plant extracts. These results demonstrate excellent biocompatibility of all the GNPs with the L-cells.

Discussion and conclusion
=========================

GNPs are usually produced by the addition of a reducing agent to a solution of chloroaurate ions (AuCl~4~^−^), causing reduction of the gold ions and aggregation of the Au atoms into GNPs. Different organic compounds are usually added to form a protective layer on the surface of the GNPs, thus preventing their aggregation into larger particles. The present study describes a "green chemistry" synthesis of GNPs using environment-friendly reagents. We examined the activity as reducing and protecting agents of extracts from four common plants: LC, SO, PeG, and PuG. The GNPs obtained were thoroughly studied, and their size, shape, spectral characteristics, and biocompatibility were examined. As a first step to shed light on the synthesis of the GNPs, we tried to identify possible ingredients in the plant extracts that could serve as reducing agents. Therefore, a thorough literature survey was done to find the main antioxidants that were identified in the four plants used here. Since a large number of such compounds were found, we chose nine that were found to exhibit relatively large concentrations, which are water-soluble and are available commercially ([Table 6](#t6-ijn-9-4007){ref-type="table"}). These antioxidants were tested as reducing agents in the synthesis of GNPs. Five compounds that were obtained as powders were dissolved in water, and their solutions were used in the synthesis. The other four reagents were obtained as solutions in organic solvents and used as obtained. The synthesis was carried out by mixing the antioxidant solution with the HAuCl~4~ solution, in the same proportions as the plant extracts, under magnetic stirring. In all cases, except for gallic acid, slight heating was required to temperatures in the range of 35°C--40°C. Seven of these compounds were found to serve as good reducing agents and led to the formation of GNPs. This suggests that these antioxidants might also play an active role in the synthesis when the corresponding plant extracts are used.

Two of the antioxidants, rosmarinic and decanoic acid, did not yield any GNPs. The concentration of the rosmarinic acid solution was much lower than the concentrations of the other antioxidants, due to its limited solubility in water. The concentration of the decanoic acid solution in the plant extract was not determined in the literature, probably due to its low solubility. It is unlikely that these two antioxidants are incapable of reducing AuCl~4~^−^ ions; most probably, their concentrations in our experiments were insufficient.

The FTIR measurements reported in [Table 2](#t2-ijn-9-4007){ref-type="table"} were carried out in an attempt to obtain information about the nature of the organic protection layer that surrounds the GNPs. Based on similar analysis in the literature,[@b41-ijn-9-4007]--[@b47-ijn-9-4007] it is suggested that the large shifts of some peaks in the spectra following GNP formation are due to the influence of the nearby metal surface. Therefore, the shifted peaks, listed in [Table 2](#t2-ijn-9-4007){ref-type="table"}, are assumed to be associated with the organic matter around the GNPs formed during their synthesis. This information is very valuable for the design of functionalization procedures if one wants to use the particles for drug delivery. The geometrical characterization of the organic layer surrounding the GNPs are discussed later.

Measurements of particle size-distributions of the GNPs obtained using the different plant extracts were done by three different methods. However, only DLS is capable of detecting the existence of particles smaller than 10 nm. The agreement between the results obtained by the optical methods was excellent for three samples (LC, SO, and PeG), but for PuG the average results differed by a factor of 2.4. Analysis of the SEM images yielded smaller average values by approximately a factor of 2 for LC, SO, and PeG, while the discrepancy for PuG reached a factor of 4.

There are several issues that should be noted about the different methods for particle-size measurement and comparison between results. First, DLS can be used as a quantitative method only when normalization values for NPs of a given size are known. Unfortunately, this was not the case in the present study. Therefore, the quantitative assignment of particle amounts for the observed peaks is approximate. One can use a simple Rayleigh scattering model to convert light intensity into number of particles. After such a conversion, one finds that although over 90% of the light intensity is related to the peak that corresponds to the larger particles, in the particle-weighted description, the peak of the small particles corresponds to over 95% of the particles. Therefore, we can quite safely assume that most of our GNPs belonged to the 1--8 nm group, which can be detected only by DLS measurements. Approaches based on NTA and SEM measurements are limited to detection of particles that are larger than \~20 nm and \~10 nm, respectively. Another point to note is that the DLS method yields estimates of hydrodynamic diameters, which might be different from the apparent geometrical diameters obtained in SEM measurements. This is due to the large contrast between the GNPs and their surroundings, which is much larger than the contrast between the organic layers surrounding the GNPs and the environment. Therefore, particle-size distribution obtained from SEM images is expected to shift towards smaller values than distributions obtained using light-scattering techniques. Indeed, the organic layers surrounding the GNPs can be observed by TEM. However, TEM images contain only a few particles, and thus do not provide statistically significant data.

In spite of the differences between the size-distribution results obtained by the two optical methods, it is clear that the particles formed using LC, SO, and PeG extracts were of comparable sizes, whereas those formed using PuG extracts were larger. Since the HAuCl~4~ solution used was of the same concentration in all cases (0.1 g/L), the reason for this size variance must be in the extract composition. Three factors may influence this outcome: the ion-reduction rate with the different extracts, the concentrations of the reducing agents in the extracts, and the identity and concentration of the protecting agents in each extract. These three factors influence the rate of particle formation, the zeta potentials and the rates of agglomeration. The similarity between the particle-size distributions in three cases together with examination of the antioxidants described ([Table 6](#t6-ijn-9-4007){ref-type="table"}) reveals that most of the antioxidants examined are in more than one of the plant extracts. However, gallic acid existed only in the PuG extract. Therefore, it is possible that due to the high reduction rate of this compound, when PuG extract was used, the rapid Au-atom production resulted in the formation of larger particles. A typical TEM image of a single GNP obtained using the SO extract is shown in [Figure 10](#f10-ijn-9-4007){ref-type="fig"}. A halo can be clearly seen around the NP. Since the TEM images were obtained using a dried droplet, it is not clear whether the hallo seen is indeed the actual protecting layer around the particle or if it is an artifact that was formed when the droplet was drying and shrinking around the particle. Similar organic layers were observed in numerous TEM images, all of them with a similar width of about 3--4 nm. This suggests that the layer seen is indeed the size of the protection layers around the GNPs in our system.

Two additional important properties of the GNPs were examined in this work: their biocompatibility and their stability. It was found that the presence of all four sources of GNPs examined here did not have any measurable negative influence on the normal growth of L-cells. Measurements of particle-size distribution and zeta potentials over a period of 4 weeks showed mostly constant values, which indicates the stability of all the particles examined.
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![Normalized ultraviolet-visible spectra of the gold solutions obtained with the four plant extracts.\
**Abbreviations:** PeG, *Pelargonium graveolens*; PuG, *Punica granatum*; LC, *Lippia citriodora*; SO, *Salvia officinalis*; AU, arbitrary units.](ijn-9-4007Fig1){#f1-ijn-9-4007}

![Typical Fourier-transform infrared spectra of extract (solid lines) and gold nanoparticle solutions (dashed line) obtained using the extracts of the four plants examined.\
**Notes:** (**A**) *Pelargonium graveolens*; (**B**) *Salvia officinalis*; (**C**) *Lippia citriodora*; (**D**) *Punica granatum*.\
**Abbreviation:** AU, arbitrary units.](ijn-9-4007Fig2){#f2-ijn-9-4007}

![Energy-dispersive X-ray spectrometry--scanning electron microscopy analysis of dried samples of gold nanoparticle solution obtained with three of the plant extracts.\
**Notes:** (**A**) *Lippia citriodora*; (**B**) *Salvia officinalis*; (**C**) *Pelargonium graveolens*.](ijn-9-4007Fig3){#f3-ijn-9-4007}

![Typical dynamic light-scattering distribution curves of the nanoparticles' hydrodynamic diameter.\
**Notes:** (**A**) Light-scattering intensity-based diameter distributions. (**B**) Number-weighted diameter distributions obtained from the dynamic light-scattering data.\
**Abbreviations:** PeG, *Pelargonium graveolens*; LC, *Lippia citriodora*; SO, *Salvia officinalis*; PuG, *Punica granatum*; AU, arbitrary units.](ijn-9-4007Fig4){#f4-ijn-9-4007}

![Nanoparticle-tracking analysis diameter-distribution curves for the four samples.\
**Abbreviations:** PeG, *Pelargonium graveolens*; LC, *Lippia citriodora*; SO, *Salvia officinalis*; PuG, *Punica granatum*.](ijn-9-4007Fig5){#f5-ijn-9-4007}

![Typical scanning electron microscopy images of gold particles formed by two extracts.\
**Notes:** (**A**) *Salvia officinalis*; (**B**) *Punica granatum*.](ijn-9-4007Fig6){#f6-ijn-9-4007}

![The average diameters of the gold nanoparticles obtained using various extracts, as measured by dynamic light scattering right after formation and 1, 2, and 3 weeks later.\
**Notes:** (**A**) Average of the large particles in the sample. (**B**) Average of the small particles.\
**Abbreviations:** PeG, *Pelargonium graveolens*; LC, *Lippia citriodora*; SO, *Salvia officinalis*; PuG, *Punica granatum*; GNP, gold nanoparticles.](ijn-9-4007Fig7){#f7-ijn-9-4007}

![Transmission electron microscopy images of gold nanoparticles formed using different plant extracts.\
**Notes:** (**A**) *Lippia citriodora*, a group of particles with pentagonal symmetry are marked by an arrow. (**B**) *L. citriodora*, a single hexagonal crystal particle together with its electron diffraction pattern. The inset shows the electron diffraction obtained from these particles; (**C**) *Salvia officinalis*, a single particle with truncated triangular shape and its electron diffraction pattern. The inset shows the electron diffraction obtained from these particles; (**D**) *Punica granatum*, an assembly of nanoparticles of irregular shapes.](ijn-9-4007Fig8){#f8-ijn-9-4007}

![Growth curves of L-cells in the presence of three different amounts of gold nanoparticles synthesized using the *Lippia citriodora* extract.](ijn-9-4007Fig9){#f9-ijn-9-4007}

![Transmission electron microscopy image of a single gold nanoparticle with a halo around it.\
**Notes:** The particle was formed using *Salvia officinalis* extract. The sample was prepared by drying a droplet of the particle suspension on a coated grid.](ijn-9-4007Fig10){#f10-ijn-9-4007}

###### 

The four types of extracts used in this study for the formation of gold nanoparticles

  Scientific name            Common name     Notation in this work   Part used
  -------------------------- --------------- ----------------------- -----------
  *Salvia officinalis*       Common sage     SO                      Leaves
  *Lippia citriodora*        Lemon verbena   LC                      Leaves
  *Pelargonium graveolens*   Rose geranium   PeG                     Leaves
  *Punica granatum*          Pomegranate     PuG                     Fruit

###### 

Peaks with large shift in their position in the extract compared to the gold nanoparticle (GNP) solution; shift values are given as the subtraction of the peak position in the GNP solution from the position in the extract

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Extract source   Peaks position in extract (cm^−1^)   Peak position in GNP solution (cm^−1^)   Shift in position (cm^−1^)                     Type of chemical bond
  ---------------- ------------------------------------ ---------------------------------------- ---------------------------------------------- ------------------------
  PeG              3,326.4                              3,283.9                                  −42.5                                          O--H\
                                                                                                                                                Alcohols\
                                                                                                                                                N--H\
                                                                                                                                                1° amines, amides

  --               3,068.1                              --                                       NH~3~^+^\                                      
                                                                                                 Amino acids\                                   
                                                                                                 =C--H\                                         
                                                                                                 Alkenes\                                       
                                                                                                 O--H\                                          
                                                                                                 Carbox acids                                   

  2,332.4          --                                   --                                       P--H\                                          
                                                                                                 Phosphines                                     

  1,848.5          1,730.8                              −117.7                                   C=O\                                           
                                                                                                 Anhydrides                                     

  1,714.4          1,649                                −65.4                                    C=O\                                           
                                                                                                 α-, β-unsat aldehydes, ketones                 

  1,606.5          1,544.4                              −62.1                                    N--H\                                          
                                                                                                 1° amines                                      

  1,142.2          1,174.9                              +32.7                                    C--N\                                          
                                                                                                 Aliphatic amines                               

  LC               3,336.2                              3,310.1                                  −26.1                                          N--H\
                                                                                                                                                1°, 2° amines, amides\
                                                                                                                                                O--H\
                                                                                                                                                Alcohols, phenols

  1,573.8          1,649                                +75.2                                    N--H\                                          
                                                                                                 1° amines                                      

  1,420.2          1,433.2                              +13                                      C--C\                                          
                                                                                                 Aromatics                                      

  1,269.8          1,253.4                              −16.4                                    S=O\                                           
                                                                                                 Sulfones\                                      
                                                                                                 Sulfonates\                                    
                                                                                                 C--N\                                          
                                                                                                 Aromatic amines\                               
                                                                                                 C--O\                                          
                                                                                                 Alcohols, carbox acid, esters, ethers\         
                                                                                                 C--H\                                          
                                                                                                 Alkyl halides                                  

  SO               3,303.5                              3,326.4                                  +22.9                                          O--H\
                                                                                                                                                Alcohols, phenols\
                                                                                                                                                N--H\
                                                                                                                                                1°, 2° amines, amides\
                                                                                                                                                O--H\
                                                                                                                                                Carbox acids

  --               3,061.2                              --                                       NH~3~^+^\                                      
                                                                                                 Amino acids\                                   
                                                                                                 =C--H\                                         
                                                                                                 Alkenes\                                       
                                                                                                 C--H\                                          
                                                                                                 Aromatics                                      

  2,391.3          --                                   --                                       O--H\                                          
                                                                                                 Carbox acids\                                  
                                                                                                 P--H\                                          
                                                                                                 Phosphines                                     

  1,766.8          1,740.6                              −26.2                                    C=O\                                           
                                                                                                 Anhydrides                                     

  1,717.7          1,662.1                              −55.6                                    C=O\                                           
                                                                                                 Ketones, carbox acids, α-, β-unsat aldehydes   

  1,596.7          1,531.1                              −65.6                                    N--H\                                          
                                                                                                 Amines, amides\                                
                                                                                                 −NO~2~\                                        
                                                                                                 Nitro groups                                   

  1,384.2          --                                   --                                       −NO~2~\                                        
                                                                                                 Nitro groups\                                  
                                                                                                 C--H\                                          
                                                                                                 Alkenes\                                       
                                                                                                 CH~3~\                                         
                                                                                                 Alkanes                                        

  1,338.4          1,266.5                              −71.9                                    C--N\                                          
                                                                                                 Aromatic amines\                               
                                                                                                 N--O\                                          
                                                                                                 Nitro compounds                                

  1,109.5          1,171.1                              +61.6                                    C--N\                                          
                                                                                                 Aliphatic amines                               

  PuG              3,392.8                              3,451.1                                  +58.3                                          O--H\
                                                                                                                                                Alcohols, phenols

  1,613.1          1,639.2                              +26.1                                    N--H\                                          
                                                                                                 1°, 2° amines                                  
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Abbreviations:** PeG, *Pelargonium graveolens*; LC, *Lippia citriodora*; SO, *Salvia officinalis*; PuG, *Punica granatum*; carbox, carboxylic; unsat, unsaturated.

###### 

The average diameters of the gold nanoparticles (GNPs) obtained by dynamic light-scattering (DLS) and nanoparticle-tracking analysis (NTA) measurements of the four GNP samples

  Extract source   Average diameter (nm) ± SD            
  ---------------- ---------------------------- -------- --------
  LC               2.6±0.8                      50±8     64±47
  SO               4±1                          72±16    84±46
  PeG              6±3                          78±30    75±35
  PuG              34±18                        312±46   127±57

**Abbreviations:** SD, standard deviation; LC, Lippia citrodora; SO, Salvia officinalis; PeG, Pelargonium graveolens; PuG, Punica granatum.

###### 

Average diameters of the gold particles, as calculated by three geometrical characteristics in the digital processing of scanning electron microscopy images

  Extract source   Average diameter (nm)   Mean (nm)          
  ---------------- ----------------------- ----------- ------ ----
  LC               20±4                    56±8        32±6   36
  SO               18±4                    42±3        28±4   29
  PeG              30±6                    56±8        50±8   45
  PuG              16±6                    50±6        30±4   32

**Abbreviations:** PeG, Pelargonium graveolens; LC, Lippia citriodora; SO, Salvia officinalis; PuG, Punica granatum.

###### 

Zeta potentials of the particles in the four samples measured shortly after their formation

  Extract source   Zeta potential (mV)
  ---------------- ---------------------
  LC               −17.9±0.3
  SO               −20.9±1.0
  PeG              −23.9±2
  PuG              −12.0±0.4

**Abbreviations:** PeG, Pelargonium graveolens; LC, Lippia citriodora; SO, Salvia officinalis; PuG, Punica granatum.

###### 

List of antioxidants reported to exist in relatively high concentrations in plants whose extracts were tested in the present study

  Antioxidant        Plant extract   Reported concentration in plant extract (ppm)   Concentration in this study (g/L)   Main functional groups   Were GNPs formed?   Reference(s)
  ------------------ --------------- ----------------------------------------------- ----------------------------------- ------------------------ ------------------- --------------------------------------
  Geranyl acetate    LC              --                                              --                                  Ester                    Yes                 [@b36-ijn-9-4007]
  Geranil (citral)   LC, PeG         --                                              --                                  −OH, diene               Yes                 [@b36-ijn-9-4007], [@b37-ijn-9-4007]
  Caffeic acid       LC, SO          74                                              11.1                                −COOH aromatic diol      Yes                 [@b38-ijn-9-4007], [@b39-ijn-9-4007]
  Vanillic acid      SO              23                                              20.0                                Aromatic −OH, −COOH      Yes                 [@b38-ijn-9-4007]
  Rosmarinic acid    SO              1,180                                           0.25                                −COOH aromatic −OH       No                  [@b38-ijn-9-4007]
  Menthone           PeG             --                                              --                                  Ketone                   Yes                 [@b37-ijn-9-4007]
  Decanoic acid      PeG             --                                              25.0                                −COOH                    No                  [@b37-ijn-9-4007]
  Linalool           PeG             --                                              --                                  −OH                      Yes                 [@b37-ijn-9-4007]
  Gallic acid        PuG             --                                              15.9                                Aromatic −COOH, polyol   Yes                 [@b40-ijn-9-4007]

**Abbreviations:** PeG, Pelargonium graveolens; LC, Lippia citriodora; SO, Salvia officinalis; PuG, Punica granatum; GNP, gold nanoparticles.
